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SUMMARY Multiple regression analysis was used in order to evaluate the independent contribution and
combined use of mechanocardiographic indices for assessing cardiac function in 23 patients with
coronary artery disease.

Three indices were derived from the quantitative displacement left apex cardiogram: the time
from the onset of electrical depolarisation to the peak of the first derivative (t peak dD/dt) and the
first derivative normalised for the amplitude of the displacement (dD/dt/D)using for D total and developed
displacement. From the external carotid pulse the ratio pre-ejection period to the ejection time (PEP/
LVET) was calculated. Several invasive isovolumic and ejection phase indices of left ventricular function
were calculated and used as dependent variables in the multiple regression analysis. The non-invasive
indices were used as dependent variables. The index dD/dt/D of the left apex cardiogram was
significantly partially correlated with all invasive indices and demonstrated the highest t values. For
PEP/LVET the t values were smaller and not always significant. No signficant partial correlation was
found for (t peak dD/dt). The combined use of PEP/LVET and dD/dt/D resulted in a better

differentiation between normal and abnormal left ventricular function.
It is concluded that quantitative apex cardiography is superior to systolic time intervals for assessing
left ventricular function in coronary artery disease though both methods offer independent information

and should be considered complementary.

Systolic time intervals and indices derived from the
left apex cardiogram have become established
methods for the non-invasive evaluation of left
ventricular function in man.!-1 .

There is no general agreement as to the value of
these indirect methods for assessing myocardial
functian at rest in patients with coronary heart
disease. Moreover, it is largely unknown to which
degree each of these methods independently contri-
butes to the assessment of left ventricular function.
It may be postulated that the combined use of both
non-invasive methods might result in a better
evaluation of left ventricular performance.

In order to clarify this problem, comparisons were
made with both angiographic and isovolumic indices
of contractility in a group of patients with chronic
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coronary artery disease. All indices, invasive and
non-invasive, were obtained during the same
catheterisation procedure and were correlated with.
each other by means of multiple linear regression
analysis. '

Methods

Twenty-three patients, two women and 21 men,
with a mean age of 49+11 (4+SD) years were
selected for the study. Chronic coronary artery
disease, defined as stable angina pectoris, with or
without previous myocardial infarction, was present
in all patients. None of them had valvular lesions.
All patients had regular sinus rhythm. Informed
consent was obtained before the procedure.

TECHNIQUES
A selective coronary arteriography and a left
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ventriculogram in a 30 degree right anterior oblique
position were performed in all patients. At least
15 minutes after the angiographic procedure a
high-fidelity catheter tip micromanometer was
introduced jn the left ventricle (Telco or Millar
Instruments).

Reference tracings were recorded through a side
opening by means of an Elema EMT 456 strain
gauge. The zero level was mid-thoracic.

The first derivative of left ventricular pressure
(dP/dt) was obtained through resistance-capacitance
differentiating circuits providing linear differentia-
tion up to 45 Hz.

A calibrated displacement (D) left apex cardio-
gram was recorded by means of a piezoelectric
crystal microphone (Elema-Schonander) with a
time constant of four seconds. A description of the
apparatus and the calibration procedure has been
reported previously.®

The right external carotid pulse tracing was
recorded by the same transducer.

Lead II of the electrocardiogram and the internal
phonocardiogram, obtained by appropriate high-
pass filtering from the micromanometer, were
recorded simultaneously. The internal phono-
cardiogram was used for the determination of the
onset of the high-frequency vibrations of the aortic
component of the second heart sound (A2).
Recordings were made on an eight-channel ink-jet
recorder (Elema 81) at a paper speed of 250 mm/s.
Before and after each experiment the simultaneity
of the channels of the recorder was controlled.
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CALCULATIONS

The following invasive indices were derived from

the left ventricular pressure (LVP):

—the peak value of the first derivative of LVP:
peak dP/dt (mmHg/s),

—maximum value of the ratio of the first derivative
of LVP to the corresponding total pressure (P¢):
(dP/dt/Py)max also called Vpm,

—the linear extrapolation of this ratio to zero
pressure called VmaxP:,

—the ratio of the first derivative of LVP to the
corresponding developed pressure (Pa=the in-
stantaneous left ventricular pressure minus left
ventricular end-diastolic pressure): dP/dt/Pa.
The value of dP/dt/Pq at the time of peak dP/dt
represented (peak dP/dt)/Pa,

—the polynomial extrapolation of dP/dt/Pa to zero
pressure using Pa values > 10 mmHg was called
VmaxPq4. As the ¢ and k constants of the series
elasticity were ignored, these indices were
expressed per second.

From the left ventriculogram the following indices
of myocardial function were calculated using the
area-length method!?:

—the ejection fraction (EF): the ratio of stroke
volume to end-diastolic volume. In our laboratory
the lower limit of normal (mean normal value
minus 2 SD) for the EF was 0-64,

—the mean velocity of circumferential fibre shorten-
ing according to the method of Karliner ez al.
This index is expressed in circumferences per
second (circ/s).

Fig. 1 Calculation of indices of

left ventricular function from
the quantitative displacement

left apex cardiogram (QLAC).
D, apical displacement ; dD|/dt,
first derivative of QLAC
dD/dt|D¢, normalised first
derivative of QLAC using total
displacement (Dy) ; Dg,
developed displacement ; C, onset
of systolic rise; O, protodiastolic
nadir ; ECG, electrocardiogram s .
phono, phonocardiogram.
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Table 1 Indices of left ventricular function (mean+SD)

Van de Werf, Piessens, De Geest, Kesteloot

Invasive indices Mean +SD Non-invasive indices Mean +8SD

* Peak dP/dt (mmHg) 1466-00 567-00 t-peak dD/dt (msec) 56-83 14-96
(dP/dt/P;)max (s71) 32:01 13-06 (dD/dt/D¢)max (s~*) 30-05 985
(peak dP/dt)/Pq (s~%) 29-49 10-31 (peak dD/dt)/Daq (s7%) 3222 9-14
‘Vmax P; (s77) 42-09 14-88 PEP/LVET 0497 0132
Vmax Pa (s71) 78-27 26:05
EF 0-511 0-207
Mean Vcf (circ/s) 1-028 0-691

For abbreviations of different indices see text.

The quantitative left apex cardiogram provided
the non-invasive indices listed below:

—the time from the onset of electrical depolarisation
to the peak value of the first derivative (t peak
dD/dt), expressed in milliseconds (ms),

—the normalised first derivative of the left apex
cardiogram (dD/dt/D) using for D both total
(Dt) and developed (Dq) displacement. D: is
measured with the 0 point (protodiastolic nadir)
and Dg with the C point (onset of systolic
contraction) of the apex cardiogram as reference
zero point (Fig. 1). dD/dt/D: is calculated
electronically by means of a logarithmic amplifier
and differentiator and the maximum value is
termed (dD/dt/D¢)max. dD/dt/Dq is measured
manually and its value at the time of peak dD/dt
is called (peak dD/dt)/Da. Both indices are
expressed per second.

From the right external carotid pulse tracing the
ratio pre-ejection period to left ventricular ejection
time, PEP/LVET, was calculated. The beginning
of the upstroke of the carotid pulse was determined
by extending the systolic rising and the diastolic
descending limb of the preceding complex. The
intersection was considered as the exact onset of the
upstroke.!* The nadir of the incisura was determined
by simple inspection. PEP was measured as (Q-A,)
minus LVET, where (Q-A,) represents the time
interval from the beginning of the QRS complex to
the first high-frequency vibrations of A,.

STATISTICAL CALCULATIONS
In order to evaluate and to quantify the independent
contribution of a non-invasive index, taking into
account the interaction with others, multiple linear
regression analysis was performed. Four non-
invasive parameters were used as independent
variables: (dD/dt/D¢)max, (peak dD/dt)/Da, t peak
dD/dt, and PEP/LVET. All invasive indices were
successfully used as dependent variables in the
regression model.

The insignificant independent variables were

deleted stepwise until only significant variables
remained.

Results

The mean values (4+-SD) of all invasive and non-
invasive indices are listed in Table 1. A normal
left ventricular function (EF>0-64 and absence of
segmental contraction abnormalities) was found in
seven patients.

In the multiple regression analysis the same four
non-invasive indices are used as independent
variables. All the invasive indices are successively
used as dependent variables.

Multiple regression analysis with ejection fraction
as dependent variable reveals a significant t value
for (dD/dt/Dy)max and PEP/LVET. The apex
cardiographic index presents the highest t value
(Table 2). With peak dP/dt of the left ventricular
pressure similar results are obtained (Table 3). The
individual values and the single linear correlations
of these indices are shown in Fig. 2 and 3. The
lower limits of normal (mean normal value minus
2 SD) for (dD/dt/Dt)max,® PEP/LLVET,? peak dP/
dt,’® and EF are also indicated. (dD/dt/Dt)max
incorrectly categorised eight patients out of 23 and
PEP/LVET incorrectly categorised six patients.

Table 2 Multiple regression equation between ejection
fraction (EF) and mechanocardiographic indices of left
ventricular function (n=23)

t value
EF = 064 + 0-013 (dD/dt/D:)max +3-02%*
= 0-003 (peak dD/dt)Dg -0-50
- 0-001 t-peak dD/dt -0-44
- 0-711 PEP/LVET ~2-66*
R=0-78
= 0'50 + 0-012 (dD/dt/D;)max +3-92%**
- 0699 PEP/LVET —3:12%*

R=0-77%%+

R =multiple correlation coefficient; n =number of patients;
t=computed t value of partial correlation; *p <0-05; **p <0-01;
***p < 0-001. For other abbreviations see text.
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However, an abnormality in one or two of these
measurements was associated with an abnormal
ejection fraction in 22 out of the 23 patients. In
11 out of 23 patients at least one non-invasive index
and in nine patients both indices correctly differen-
tiate between normal and abnormal values of peak
dP/dt (Fig. 3). There is no significant linear
correlation between PEP/LVET and (dD/dt/D¢)max
(r=—-0-16 NS).

Using mean Vcf as dependent variable an
independent significant contribution is found only
for (dD/dt/D¢)max (Table 4). The same holds for
the multiple correlation with Vpm (Table 5).

Table 6 summarises all the significant partial
correlations found in the multiple regression
analysis. Whether an injection phase index or an
isovolumic pressure index is used as dependent
variable, the normalised first derivative of the left
apex cardiogram is always significantly correlated
with the index under consideration and demon-
strates the highest t values. The ratio PEP/LVET
presents a significant partial correlation only with
EF, peak dP/dt, and (peak dP/dt)/P4. No significant
partial correlation can be demonstrated for the
index t peak dD/dt.

Discussion

Assessment of cardiac dynamics and myocardial
function using external pulse tracings remains an
important goal in non-invasive diagnostic cardi-
ology. Among these the external carotid pulse and
the left apex cardiogram are certainly the most
commonly used. The apex cardiogram has been
used as a substitute for pressure in timing left
ventricular events,! 1~1% and constructing pressure
dimension loops.!” When the delay for pulse wave

Table 3 Multiple regression equation betrween peak
value of first derivative of left ventricular pressure
(peak dP|dt) and mechanocardiographic indices of left
ventricular function (n=23)

t value
Peak dP/dt = 6870 + 21-7 (dD/dt/D:)max +1-94
+ 227 (peak dD/dt/dt)/Da  +1-46
- 17 t-peak dD/dt -0-21
- 14452 PEP/LVET -2-14*
R=0-82
= 8050 + 229 (dD/dt/D;)max +2-45%
+ 205 (peak dD/dt)/Da +1-83
-1419-4 PEP/LVET —2-19%
R=0-82
=1444-1 +  32-5 (dD/dt/D;)max +3:97***
-1958-2 PEP/LVET ~3:22%*
R =0-78%**

For abbreviations see Table 2.
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Table 4 Multiple regression equation between mean
velocity of circumferential fibre shortening (mean Vcf)
of left ventricle and mechanocardiographic indices of left
ventricular function (n=23)

t value
Mean Vef = 1-27 + 0-051 (dD/dt/D:)max +2:93**
- 0-022 (peak dD/dt)/Da - 090
= 0007 t-peak dD/dt —-0-54
~ 1-400 PEP/LVET -132
R=0-67
= 0'80 +0-046 (dD/dt/D;)max +3:14%*
— 0-013 (peak dD/dt)/Dq -073
- 1503 PEP/LVET -1-47
R =066
= 0-39 + 0044 (dD/dt/D;)max +3-34%*
- 0001 PEP/LVET - 129
R=0-65
=-0-26 + 0-043 (dD/dt/D;)max +3:55%*
r=0-61%*

For abbreviations see Table 2.

transmission is taken into account, the external
carotid pulse closely resembles the aortic pressure. 14

Morphological changes of these tracings already
offer many diagnostic possibilities as to valvular
lesions and cardiac performance. Both tracings also
provide a quantitative estimate of left ventricular
function. Both methods, however, also have their
limitations: for the left apex cardiogram, the
absence of a true zero level and a still incomplete
understanding of the determinants of its time course
and morphology; for systolic time intervals, the
change in opposite direction of some determinants
of these intervals during changes in the inotropic
state of the heart.!?

The time interval from the onset of electrical
depolarisation to the peak of the first derivative of
the left apex cardiogram has been proposed as a
quantitative index in assessing left ventricular
function on the apex cardiogram.? 2° Subsequently
the concept of ‘amplitude normalisation’ was
introduced. It was found that the left ventricular
pressure plays a predominant role in shaping the
morphology of the left apex cardiogram?!' and that
a distinct similarity in slope exists between the left
apex cardiogram and the left ventricular pressure
during isovolumic contraction.” In view of these
findings the left apex cardiogram was calibrated and
its first derivative was normalised for the amplitude
of the apical impulse. Recent studies from our
laboratory demonstrated the clinical value and
advantages of the calibrated apex cardiogram and
its normalised first derivative.® 1!

Several authors have correlated systolic time
intervals with other measurements of cardiac
performances.® ¢ ¢  The index PEP/LVET is used
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Fig. 2 Individual values and
single linear correlations of
ejection fraction (EF), ratio
pre-ejection period|ejection

time (PEP|LVET), and
normalised first derivative of
apex cardiogram (dD|[dt/D;)
max. Dotted lines indicate lower
limits of normal.
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and Garrard et al.* have shown the highest cor- index for assessing myocardial contractility in man.
relation coefficient with the angiographic ejection Both isovolumic and ejection phase indices of
fraction (r = —0-90). In the latter study various forms contractility are susceptible to criticism and have
of heart disease were included, with extreme their advantages and limitations.?* 25 In order to
values for ejection fraction (ranging from 0-08 to evaluate the usefulness and the relative importance
0-84). When, however, it was applied to patients of calibrated apex cardiography and systolic time
with coronary artery disease the correlation intervals for assessing left ventricular function in

coefficients were smaller.? 22 23

coronary artery disease, comparisons were made

At present there is no single undisputed invasive with both invasive methods. Multiple linear

Fig. 3 Individual values and
single linear correlations of peak
value of first derivative left
ventricular pressure (peak dP/dt),
ratio pre-ejection period|ejection
time (PEP|LVET), and
normalised first dertvative of
apex cardiogram (dD|[dt|D;)max.
Dotted lines indicate lower limits
of normal.
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“Table 5 Multiple regression equation between peak
measured velocity of shortening of contractile elements
(Vpm) and mechanocardiographic indices of left
ventricular function (n=23)

t value
Vpm = 3774 + 1-20 (dD/dt/D¢)max +4-21%**
- 0:60 (peak dD/dt)Da -150
~ 0-18 t-peak dD/dt -0-90
- 2475 PEP/LVET -143
R=077
= 2503 + 1-07 (dD/dt/D;)max +4-38%**
- 036 (peak dD/dt)/Da -122
— 27-53 PEP/LVET -163
R=076
= 13-88 + 0-90 (dD/dt/D;)max +-4-42%**
- 1813 PEP/LVET -119
R=0'73
= 367 + 094 (dD/dt/D;)max +4-63%**
r=071

For abbreviations see Table 2.

regression analysis was used to quantify the
individual independent contribution of each non-
invasive index. .

From the statistical results it is clear that most
important indirect information on left ventricular
function is provided by the normalised derivative
of the apex cardiogram. This is true whether
angiographic or pressure indices of cardiac per-

189

equation with the EF and peak dP/dt of the left
ventricular pressure. It should be noted that the
present investigations were limited to resting
frequencies. Though better identification of ab-
normal cardiac function in coronary artery disease
during exercise is reported using systolic time
intervals,?? 27 the overall correlations with invasively
determined indices of cardiac performance have
improved only a little.2?

It is noteworthy that in this group of patients and
with this regression model, no significant independ-
ent information on left ventricular function is
provided by the index t peak dD/dt. The most
logical explanation appears to be that the pre-
ejection period and the normalised first derivative
of the left apex cardiogram already contain most
of the information provided by this index.

From our data it can be concluded that quantita-
tive apex cardiography is a useful non-invasive tool
for the evaluation of cardiac function in patients
with coronary artery disease. In the group of
patients studied, it is superior to systolic time
intervals.

Although each method alone is not a strong
indication of the state of the left ventricle in
chronic coronary artery disease, both methods
contain useful independent information and should
be used together.

Table 6 Multiple regression analysis between invasive and non-invasive indices of left ventricular function in patients

with chronic coronary artery disease (n=23)

Dependent variables Independent variables

Correlation

coefficient

(dD/dt|D:)max (peak dD/dt)|Da t peak dD/dt PEP/LVET (R, r)
EF *kk *k 0-77***
Mean Vcf *k 0-61**
(dP/dt/P;) max or Vpm halalal 0-71%**
Vmax P *k 0-62**
peak dP/dt Rkk *k 0-78%**
{peak dP/dt)/Pa Kk * 0-83%%*
Vmax Pq ** 0-57**

*p <0-05; **p <0:01; ***p <0-001.

formance are used as dependent variables. When
developed pressure is used in the calculation of the
isovolumic indices, the corresponding apex cardio-
graphic indices based on developed displacement are
involved, since the 0-C amplitude of the left apex
cardiogram reflects left ventricular end-diastolic
pressure.'® Furthermore, the concept of normalisa-
tion of the first derivative, also termed ‘normalised
velocity’, can be considered as a general index for
assessing cardiac performance, equally applicable
to invasive and non-invasive methods.1! 28

The ratio PEP/LVET also provides independent
significant information, as shown by the regression

For abbreviations of different indices see text.
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